We investigated the effect of gelation solvent, monomer type, and monomer concentration on the physical properties of freeze-dried poly(urethane)-poly(isocyanurate) (PUR-PIR) aerogels, with particular emphasis on their thermal conductivity. It was found that the gelation solvent considerably affects aerogel morphology and physical properties. Aerogels with the lowest thermal conductivity were obtained using a mixture of tetrahydrofuran (THF) and acetonitrile, in a 50% volume ratio. The influence on thermal conductivity of polyol and isocyanate structure and of their concentration was also investigated. Rigid precursors, phloroglucinol (POL), and an aromatic polyisocyanate based on toluene diisocyanate (Desmodur RC) yielded the lowest thermal conductivity. Our results were compared with recent work reporting on parameters that could be used as predictors of thermal conductivity and other physical properties of organic aerogels. None of these parameters were found to be satisfactory predictors of aerogel properties. For example, no systematic correlation between solvent solubility parameters and aerogel properties was observed. We also examined the role of the K-index. This index, defined as the ratio between porosity and contact angle, was shown recently to be a good predictor of the properties of polyurea aerogels. While the thermal conductivity scaled with the K-index, the scaling was different for each of the isocyanate monomers considered in our experiments. Thermal conductivity, instead, scaled well with the product of density and shrinkage of aerogels, independent of monomer type. The reasons of this dependence on shrinkage and density are discussed, and the use of these parameters to guide experimentation on other systems is discussed. Physical properties such as static and dynamic compression modulus and thermal stability of the most promising formulations were also examined.
Introduction
Aerogels are materials characterized by low density, large surface area, and extremely low thermal conductivity. For a very long time, aerogels were limited to silica, which is still the most-investigated and best-known aerogel class. Starting from the 1990s, work appeared that focused on organic aerogels. Organic aerogels have a thermal conductivity comparable with that of silica aerogels, yet they are mechanically stronger [1] . Therefore, organic aerogels are among the most promising materials for the next generation of thermal superinsulators. Limiting our discussion to polyurethane-class aerogels (the focus of this work), we note that they were first documented in a patent filed by ICI in 1996 [2] . These polyurethane aerogels had a thermal conductivity of 0.020 W/mK at atmospheric pressure. Beismans et al. [3, 4] synthesized polyurethane-based aerogels using solutions of aromatic isocyanates in dichloromethane. Aerogels with a bulk density of 0.15 g/ cm 3 and thermal conductivity of 0.022 W/mK were obtained. Pirard et al. [5] produced polyurethane gel networks by reacting polyisocyanates with polyols. The resulting aerogels had a narrow pore size distribution and a density between 0.11 and 0.37 g/cm 3 . Rigacci et al. [6] obtained polyurethane aerogels with density values in the range 0.12-0.22 g/cm 3 and thermal conductivity of 0.022 W/mK by reacting 4,4-methylenebis(phenyl isocyanate) (MDI) with multifunctional polyols. Chidambareswarapattar et al. [7] synthesized an array of polyurethane aerogels with a density as low as 0.094 g/cm 3 and a surface area ranging from 0.5 to 241 m 2 /g using trifunctional isocyanates and multifunctional aromatic polyols. Zhu et al. [8] produced polyisocyanurate-polyurethane aerogels using commercial, two-component precursor systems. Depending on the solvent blend, aerogels with density in the range 0.15-0.53 g/cm 3 and thermal conductivity between 0.019 and 0.037 W/mK were synthesized.
Different from silica aerogels, the properties of organic aerogels depend strongly on the synthesis conditions. Small variations of monomer concentration, temperature, monomer type, solvent polarity, and structure can lead to strong differences in density, morphology, porosity, and surface area, all factors which affect thermal conductivity. For example, the groups of Leventis and Reichenauer reported on polyurea aerogels and showed that changing the monomer concentration from 0.1 to 0.5 M changed the skeletal morphology from wire-like to sphere-like [9] . The strong dependence of morphology and other physical properties on processing conditions represents an obstacle towards the development of organic aerogels. To understand the origin of the variability of organic aerogel synthesis it is best to start discussing the bulk polymerization process. Bulk urethane polymerization has been studied for a long time [10] [11] [12] . The reaction is quite complex and some of its details have yet to be clarified. In absence of catalysts, the reaction needs to be carried out at temperatures on the order of 60-80°C [11] . Early studies established that the solvent can affect the reaction rate by forming complexes with the reagents. For example, solvents, such as dimethylsulfoxide (DMSO) or dimethylformamide (DMF), which can form a hydrogen bond with the polyol, reduce the reaction rate by 3-5 times compared with benzene [13] [14] [15] . Base-and acidcatalyzed polymerization has also been investigated, and it was found that the reaction rate is higher for acid-than for base-catalyzed polymerization. For example, Ni et al. [16] found that the reaction rate was K = 1.19 × 10 −4 [L/mol min] for acid-catalyzed, and K = 6.01 × 10 −4 [L/mol min] for base-catalyzed polymerization of an aliphatic isocyanate (dicyclohexylmethane diisocyanate, HDI) and water. For acid catalysis, the most popular route involves organometallic compounds of Sn, such as dibutyltin dilaurate (DBTDL) [10] . The organometallic compounds form complexes with the polyol and, possibly, with the isocyanates. These complexes are often short-lived and appear to depend on the type of precursors [17] [18] [19] [20] [21] . Solvents also affect the reaction rate of acid-catalyzed polymerization. However, to date, no evident correlation has been found between the solvent and reaction rate. For example, Kothandaraman and Nasar [19] reported that the reaction rate was benzenet oluene > chlorobenzene > dioxane > nitrobenzene.
However, no clear dependence between reaction rate and solvent parameters such as hydrogen bonding index, dielectric constant or donor number could be identified.
The uncertainties of bulk polymerization are magnified when it comes to aerogels. The physical properties of aerogels depend strongly on density, skeletal morphology, nanoparticle connectivity, and porosity. To minimize thermal conductivity (the goal of this work), the materials must fulfill a series of requirements. The density must be low to minimize conductivity through the solid phase, but not too low, otherwise large pores are created where convection is allowed. Similarly, high porosity is necessary, but the pores must be small to inhibit convection. Skeletal morphology is also relevant. For example, fiber-like nanoparticles are not desirable, since they lower the percolation threshold of the solid phase [9] . These requirements on density, porosity, and morphology impose additional constraints on an already complex polymerization reaction. Recognizing the complexity of the problem, recent work by the groups of Rigacci, Koebel, Chidambareswarapattar, and Leventis has attempted to provide guiding criteria for the synthesis of polyurethane and polyurea aerogels [6] [7] [8] 22] . The authors focused on the relationship between gelation solvent and aerogel properties. Their work showed that thermal conductivity was minimized when the polymer was soluble in the gelation solvent. Rigacci's group showed that the optimal solvent needed to have a Hildebrand parameter compatible with the polyurethane [6] . Koebel's group expanded on Rigacci's work and showed that a better predictor was the Hansen solubility parameter [8] . The Leventis group carried out a monumental work where about 200 polyurea aerogel formulations were analyzed [23] . This work found that the nature of the solvent has a dramatic effect on the sol-gel process, e.g., gelation versus precipitation, and aerogel properties, which in turn affect density, modulus and thermal conductivity. However, no clear-cut correlation between the Hansen solubility parameters and aerogel properties was observed. The authors introduced a new parameter, the K-index, defined as the ratio between porosity and contact angle. The K-index was successfully used as a predictor of mechanical and thermal properties of polyurea aerogels. Leventis' work is remarkable and very thorough. However, the K-index cannot be calculated a priori for a generic system. The K-index can be calculated using a polynomial formula, but some of its coefficients depend on the monomer, preventing calculation of the Kindex without prior experimentation.
In this study, we show that the criteria suggested by other authors are not satisfactory predictors of morphology and physical properties of poly(urethane)-poly(isocyanurate) (PIR-PUR) aerogels. The work is not meant to comment negatively on the work of other groups. It shows, disappointingly, that organic aerogels are extremely complex and that it is difficult to anticipate the outcome of a synthesis. On the positive side, we show that thermal conductivity scales well with the product of density and shrinkage. This dependency makes sense for two reasons. The first reason is that thermal conductivity through the solid phase is very relevant in organic aerogels. For example, Leventis et al. [9] investigated the correlation between the microstructure, density and thermal conductivity of polyurea aerogels. The authors showed that the solid thermal conductivity of the polyurea aerogels increases linearly with density. Hence, the dependence on density observed in our work is not surprising. As for shrinkage, it is known that organic aerogels shrink considerably (up to 50%) upon drying [9] . Shrinkage is due to the formation of hydrogen bonds between polymer strands. We have observed that in aerogels with high shrinkage (>40%), polymer nanoparticles coalesced into ribbon-like aggregates. Necks between nanoparticles were broadened or disappeared altogether, and with that, one of the main bottlenecks to thermal energy transfer was removed.
Given the extreme sensitivity of organic aerogels to processing conditions, our findings may or may not be extended to other systems. We note, however, that measurements of density and shrinkage are extremely simple, and therefore the criteria found in our work may be used to guide rapid minimization of the thermal conductivity of other organic aerogels. 
Characterization of PUR-PIR aerogels
The apparent density of poly(urethane)-poly(isocyanurate) (PUR-PIR) aerogels was determined by weighing and volume measurements.
Surface area and pore volume were determined from the nitrogen adsorption-desorption isotherms at 77 K using a Nova 2200e Instrument (Quantachrome Corporation, USA). The samples were degassed at 130°C for 24 h prior to adsorption measurements. The surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The pore size distribution was determined from the desorption isotherms by using the Barett-Joyner-Halenda (BJH) method.
A Scanning Electron Microscope, Hitachi SU-70 (Hitachi Ltd., Japan), was used to image aerogel samples. Samples (about 1-mm thick) were placed on conductive carbon tabs adhered to the sample mount. A strip of adhesive copper tape, connecting with the sample and the sample mount, was placed in contact with each piece of aerogel to avoid charging during imaging. The samples were also sputter-coated with platinum, and then imaged.
Compression tests were carried out on the universal testing machine ZwickLine Testing Machine (Zwick/Roell Group, Germany). Sample contact surfaces were cut parallel, and the samples were tested according to ASTM D695 Standard in ambient conditions. Tests were performed with a 2 kN load cell and using a compression rate of 2 mm/min. Dynamic mechanical analysis was determined using an ARES Rheometer (TA Instruments, USA). Torsion geometry was used with samples of thickness 2 mm. Measurements were examined in the temperature range 20-250°C at a heating rate of 10°C/min, using a frequency of 1 Hz and applied deformation at 0.1%.
The thermal properties of the synthesized composites were evaluated by TGA measurements performed using the STA 449 F1 Jupiter Analyzer (Netzsch Group, Germany). About 10 mg of the sample was placed in the TG pan and heated in an argon atmosphere at a rate of 10°C/min up to 600°C with the sample mass about 10 mg. The initial decomposition temperatures, T 10% , T 50% , and T 80% of mass loss were determined.
LaserComp 50 heat flow meter apparatus (LaserComp Inc., USA) with a 2.5 × 2.5 cm size heat flow transducer was used to measure the thermal conductivity of PUA aerogel, which was cut into square size of 5 cm × 5 cm with 1.85 cm thickness. The upper and lower plates of the instrument were set at 5 and 45°C, respectively, with a mean temperature of 25°C. Prior to testing the aerogel sample, the instrument was calibrated using a similar thermal conductivity reference sample to improve the accuracy of the measurement.
Contact angle measurements were carried out using the sessile-drop method. A manual contact angle goniometer coupled with an optical system OS-45D (Oscar, Taiwan) was used to capture the profile of a pure liquid on a solid substrate. A water drop of 1 μL was deposited onto the surface using a micrometer syringe fitted with a stainless steel needle. The contact angles reported are the average of at least ten tests on the same sample.
Results and discussion
The main goal of our work was to minimize the thermal conductivity of PIR-PUR aerogels. As mentioned in the Introduction, the space of the processing parameters is vast and its analysis can be especially time-consuming if one were to measure the thermal conductivity of each sample. We note, however, that density and surface area are reasonable proxies of the thermal conductivity. Analysis of the most recent work on polyurethane-class aerogels shows that aerogels with optimum thermal conductivity have density < 0.3 g/cm 3 and a surface area > 100 m 2 /g. Measurement of density and surface area is less time-and resourceconsuming than measurement of thermal conductivity. Therefore, we decided to prescreen processing conditions using density and surface area as guiding parameters. Thermal conductivity was measured only for the most promising samples.
Role of the polyol
In this part of the study, we report the effect of the polyol structure on the properties of PUR-PIR aerogels. We employed three trifunctional polyols, POL, HPE, and RES. PUR-PIR aerogels were obtained by the polycondensation of these polyols and tri-isocyanurate (Desmodur RC). Acetone was selected as a solvent. The reaction was catalyzed with DBTDL with a concentration of 0.6 wt%. Except for the type of polyol (POL, HPE, or RES), all processing parameters were kept constant. After gelation, the gels were exchanged with cyclohexane (four times the volume of gel, three times every 4 h) and freeze-dried at a shelf temperature of −7°C and a pressure < 3 Torr. The formulations of the PUR-PIR aerogels based on the POL, HPE, and RES polyol are shown in Table S.1.
Properties of PUR-PIR aerogels based on the POL, HPE, and RES polyols are reported in Table 1 . The results indicate a dependency on polyol of density and shrinkage (POL < HPE < RES) as well as surface areas and pore volume (POL > HPE > RES). Details of surface area and pore size analysis are reported in the Figs S.1 and S.2. SEM analysis is reported in Fig. 4 and shows an increase in mean particle size, which scales with the trends in density and surface area.
Specifically, POL-aerogels consist of small particles that assemble into larger globules, which in turn form even larger aggregates. For HPE-aerogels the aggregates are 5-10 times larger than those of POL-aerogels. RES aerogels are predominantly macroporous. Polymer strands have organized into spheres, which can be attributed to macroscale phase separation during gelation. For example, Malakooti et al. [24] reported that the microstructural evolution of PUR-PIR aerogels can be explained by spinodal decomposition. They showed that gelation was slower in lower concentration sols. The slower gelation rate gave time to the phase-separated polymer to undergo spheroidization. Higher concentration sols (more reactive) gelled faster and the microstructure was closer to bicontinuous. Accordingly, RES aerogels had the slowest gelation rate.
Influence of the gelation solvent
In this part of the work, we report the effect of the gelation solvent on the properties of PUR-PIR aerogels. PUR-PIR aerogels were synthesized by polycondensation of a polyol (POL) and a tri-isocyanurate (Desmodur ILBA). Desmodur Similarly, experimentation was also carried out in selected solvents using the polyols reported in "Role of the polyol" section. The results were comparable with those of "Role of the polyol" section and indicated that POL yielded the best materials, independent on the solvent. Two monomer concentrations were investigated, 0.2 and 0.3 M, respectively. PUR-PIR gels were prepared with different solvents as well as solvent blends. The Hansen solubility parameters of the solvents are reported in Table S .2. Apart from the gelation solvent, all processing parameters were kept constant. The gels were freeze-dried following the procedure reported in "Role of the polyol" section. The compositions of the precursor solution for single solvents and solvent blends are reported in Tables 2 and 3 The relationship between the Hansen parameters of the solvent (or solvent blend) and aerogel density and surface area is shown in Figs 5 and 6, respectively. Figure 5a indicates that aerogel density increases as δ D increases. The dependence on δ D , however, is weak. One can only safely state that the density is >0.4 g/cm 3 when δ D > 18.4 MPa 1/2 . For smaller values of δ D , the density can be anywhere between~0.2 and~0.4 g/cm 3 . No apparent correlation is evident between δ H , δ P and sample density (Fig. 5b, c) . As for surface area (Fig. 6 ), the data scatter is considerable and prevents to draw any conclusions.
To further illustrate the weak dependence of density and surface area on solubility parameters, let us compare samples #19 and #20 of Table 3 . Sample #19 was prepared in a solvent blend of THF and acetonitrile (50:50% v/v). It had a surface area of 207 m 2 /g and a density of 320 g/cm 3 . Sample #20 was prepared in a blend of THF and acetone (50:50% v/v). The mixture has Hansen parameters which are extremely comparable with that of sample #19, see also Table S. 2. Yet, the surface area of sample #19 was 10 m 2 /g and the density was 230 g/cm 3 . We also note that solubility parameters indicated as optimal by previous work yield mediocre results for our particular system. Both Rigacci and Koebel [6, 8] reported that δ D between 16 and 17 MPa 1/2 yielded the best results. Yet, samples #23 and #24, which had δ D = 15.9 and 16.3, respectively, had a surface area < 10 m 2 /g, which makes them hardly classifiable as aerogels. Therefore, solubility parameters are not accurate predictors of aerogel properties for our particular system. The structural evolution as a function of the solvent composition can also be monitored by SEM. Figure 7a , b shows that aerogel prepared in a THF:ACN mixture (#19) has a mesoporous microstructure [7] . Aerogels prepared in Dioxane: ACN and DMSO:ACN blends (samples #21 and #23, respectively) have a macroporous structure. Figure 7c -f shows that the polymer has organized into coarse spheres, indicating macroscale phase separation during gelation. Overall, the results indicate a complex and unclear relationship between solvent type, microstructure, surface area, and density. Bulk polymerization experiments are about as inconclusive as our experiments on aerogels. For example, Kothandaraman and Nasar [19] showed that for dibutyltin catalyzed reactions, solvents did affect polymerization rate, but no clear dependence on hydrogen bonding index, the dielectric constant of electron donor number could be identified. The unclear dependence of polymerization rate (which in turn can affect aerogel morphology) on processing parameters might be related to formation complexes between hydroxyl groups, tin catalyst, and isocyanates. Binary (Sn-OH) and ternary complexes (Sn-OH-NCO) have been reported by several authors (see, for example, [20, 21] ). Structure and concentration of these complexes appear to depend on the solvent (which may coordinate with the reagents or the catalyst). However, the complexes are often short-lived and difficult to characterize. Our conclusion is that solvent effects are extremely difficult to anticipate. More work on bulk polymerization might be necessary to help with aerogel efforts.
Influence of isocyanate monomer structure and concentration
In this part of the study, we report on the effect of the isocyanate structure and concentration on the properties of PUR-PIR aerogels. We tested three trifunctional isocyanates: aromatic Desmodur ILBA (IPDI), Desmodur RC (which is based on TDI), and the aliphatic N3300A (HDI). Aerogels were obtained by the polycondensation of polyol and triisocyanurate. Three monomer concentrations were investigated, 0.1 M, 0.2 M, and 0.3 M, respectively. Based on the results presented in "Role of the polyol" and "Influence of the gelation solvent" sections, POL was chosen as polyol and the solvent was a blend of acetonitrile and THF (50:50% v/v). Apart from the isocyanate structure, all processing parameters were kept constant. The gels were freeze-dried as described in "Role of the polyol" section. The composition of the parent solutions is reported in Table S .3, and the properties of the aerogels are reported in Table 4 .
Gelation time
N3300A-based samples gelled much more slowly (>3 h) than the corresponding samples based on ILBA (25-45 min) and RC (15-30 min). The longer gelation time is due to the lower reactivity of aliphatic (HDI) versus aromatic (IPDI and TDI) isocyanates [12] . For all monomers, gelation time decreases when monomer concentration is increased. This is understandable since polymerization of urethane is first order in both isocyanate, polyol, and catalyst concentration [25, 26] .
Shrinkage
Digital camera images of aerogels prepared in this part of the study are presented in Fig. S.6 . All aerogels shrank during all fabrication steps: gelation (up to 7%), solvent exchange (up to 16%), and drying (up to 17%). Shrinkage is due to the van der Waals interaction between noncovalently bonded polymeric segments. Shrinkage is common in polymers, including organic aerogels, and it is due to the formation of hydrogen bonds between polymer strands. There are, however, interesting dependencies on monomer type and concentration. Aerogels prepared with the N3330A monomer shrank 35-38%. This shrinkage is higher than that of the aromatic monomers (<30%), likely due to the inherent flexibility of the −(CH 2 ) 6 − tethers of N3330A. Shrinkage of aerogels prepared with Desmodur ILBA was between 17 and 30%, which was slightly higher than that of aerogels prepared with the more rigid Desmodur RC (12-26%) . Aerogel shrinkage also depended on isocyanate concentration, as shown in Fig. 8 . For all monomers, samples shrank up to 40% less as the monomer concentration increased, likely due to a higher degree of cross-linking between polymer strands. Overall, the shrinkage of our PUR-PIR aerogels is comparable or somewhat lower than reports on polymeric aerogels, where shrinkages of up to 46% have been reported [27] [28] [29] [30] . We also note that freeze-drying did not induce a large difference in shrinkage compared with the literature reports (where aerogels were supercritically dried), indicating that shrinkage is mostly due to the interaction between polymer strands during processing and drying.
FT-IR analysis
FT-IR spectra of PUR-PIR aerogels are shown in Fig. 9a-c . The characteristic bands of PU are summarized in Table 5 . The urethane moieties of PUR-PIR aerogels are confirmed by the presence of the characteristic bands of the v (C=O) vibration (1700-1770 cm −1 ) [31, 32] , v(N-H) stretching vibration (3200-3600 cm −1 ) [33, 34] and δ(N-H) bending vibration (1590 cm −1 ) [35] . The relative position of the main characteristic bands for various functional groups of PUR-PIR is comparable for all samples. Importantly, neither the v(N=C=O) stretching vibration in the 2273 −2000 cm −1 range nor the urea carbonyl stretch in the 1600 −1640 cm −1 range or the intense v(O-H) stretch of the monomer in the 3200−3350 cm −1 range was detectable, supporting complete reaction of NCO with OH to urethane.
Surface area, pore size, and pore volume
The N 2 adsorption-desorption isotherms of PUR-PIR aerogels are shown in Fig. S.7 and can all be classified as IUPAC type IV. Surface areas and pore volumes calculated with the BET (BJH, respectively) method are reported in Table 4 . Aerogels based on the aliphatic isocyanate N3300A have lower surface areas than their aromatic (ILBA and RC) counterparts, which is likely related to their larger shrinkage. As for pore sizes, Fig. S.8 , we note a shift towards smaller pores and an increase in pore volume for increasing monomer concentration.
Morphology
The morphologies of the aerogel monoliths were examined using SEM and images are shown in Fig. 10 . The aerogels present a granular structure at low monomer concentrations. When the concentration is increased, however, coalescence into ribbon-like aggregates is noticed, which is most evident in the N-series.
High magnification images (Fig. 11) show that RC aerogels have a very fine structure, with particles connected by small necks. The structure becomes increasingly coarse, 
Compression modulus
Compression tests were performed following the procedure described in the experimental section. The data are reported in Fig. S.9 and Table S .4. Stress-strain curves are shown in Fig. 12 . All curves exhibit three stages of deformation: linear stage, in which reversible deformation occurs and the slope of the curve yields Young's modulus (E), yield stage, in which the framework of the aerogel begins to collapse and irreversible deformation occurs, and densification stage, in which the structure of the aerogel becomes dense and the stress increases sharply with increasing strain [36] [37] [38] [39] . In all cases, the stress-strain curves of samples with a higher concentration of isocyanate exhibit a sharp transition from the linear to the plateau region. Less-concentrated samples are characterized by a more smooth transition which indicates a greater ductility of the materials. The values of Young's modulus (E) are reported in Table  4 . As is often the case for aerogels [71-76], the compression modulus E and the density ρ are related by a power law:
where E is Young's modulus (MPa) and ρ is the density of the aerogel (kg/m 3 ). Best-fit of Eq. (2) to the data of Fig. 13 yields an exponent m between 3.0 and 3.5, in overall agreement with previous results on this class of materials [7, 40, 41] . We also note that the compression modulus is the lowest for N3300A-based aerogels and the highest for RC-based aerogels. This is not surprising given the different rigidity of the monomers.
Thermal conductivity
Thermal conductivity of RC, ILBA, and N3300A-based aerogels are reported in Fig. 14 as a function with density. This is not unexpected, since in aerogels conduction through the skeleton is the most relevant contribution to the total thermal conductivity (convection being suppressed by the mesopores). For example, a compilation of data from Leventis' recent work on polyurea [7] , reported in Fig. 15 , shows that thermal conductivity increases almost linearly with aerogel density.
The thermal conductivity of our materials compares well with literature reports for this class of aerogels. For example, isocyanate aerogels based on methylidynetri-p-phenylene triisocyanate (Desmodur RE) and a difunctional polyol were produced by supercritical drying by Henkel [42] and had a thermal conductivity in the range of 0.038-0.071 W/mK. Similarly, most formulations by Leventis, Koebel, Rigacci, and Chidambareswarapattar yielded materials with thermal conductivities between 0.025 and 0.030 W/mK [6] [7] [8] 22 ].
Can we find a predictive parameter?
In "Influence of the gelation solvent" section, we showed that unfortunately, the solubility parameters of the gelation solvent are not a good predictor of the outcome for our system. Hence we investigated the relation between K-index (defined as the ratio of contact angle to porosity) and aerogel properties [23] . Since we could not measure porosity via He pycnometry (not available in our laboratory), we used the standard formula π = 100 × (ρ s − ρ b )/ρ s , where π is the porosity, ρ b the density of the aerogel, and ρ s the skeletal density. Previous work has shown that skeletal density of polyurea aerogels does not vary strongly between samples. Hence, we assumed a constant value ρ s = 1.23 g/cm 3 , in accordance with previous reports [7] . Surface area, thermal conductivity, and compression modulus are reported in Fig. 16 as a function of the Table 4 . Figure 16a indicates that aerogel density increases as K-index increases. This is expected since in our samples the contact angle is very comparable. Hence, the K-index is simply proportional to the density of the samples. Surface area (Fig. 16b ), Young's modulus (Fig. 16c ), and thermal conductivity ( Fig. 16d ) do indeed scale with the K-index (or, for that matter, with density). However, each of the series (i.e., each isocyanate monomer) lies on a different curve.
We thus wondered if it were possible to find a parameter that could predict the thermal conductivity independent of the monomer. Our reasoning is best discussed in conjunction with Fig. 17 . We first noticed that shrinkage decreased somewhat with increasing density (Fig. 17a ). The lower shrinkage at higher density is related to the higher modulus of denser aerogels, see Fig.  13 . We then looked at the dependence of surface area on shrinkage (Fig. 17b ). Surface area decreases, albeit not strongly, with increasing shrinkage. This is also expected since higher shrinkage brings skeletal nanoparticles closer to each other and reduces surface area. We then analyzed the dependence of thermal conductivity on shrinkage (Fig. 17c ). Thermal conductivity decreases with increasing shrinkage. This makes sense since samples with higher shrinkage have lower density and therefore lower thermal conductivity. While the data of Fig. 17a -c can be explained, we still note that the trends depend on the monomer. However, when one plots thermal conductivity against the product of density and shrinkage (Fig. 17d) , the dependence on the monomer is alleviated. The explanation is as follows. Aerogels prepared out of flexible monomers (Desmodur N3300) exhibit a lot of shrinkage (35-40%) , which in turn results in aggregation of the skeletal nanoparticles into ribbonlike structures, as shown in the SEM images of Fig. 10 . These ribbon-like structures act as thermal bridges and increase thermal conductivity. Aerogels prepared out of rigid monomers (Desmodur RC), instead, maintain a granular structure and their thermal conductivity is up to two times lower than that of the flexible N-series for the same density.
Dynamic mechanical analysis
The dynamic mechanical behavior of PU-PIR aerogels as a function of the temperature is shown in Fig. 18 . It is notable that more concentrated samples are characterized by higher storage modulus (E'). The modulus difference is more noticeable at low temperatures, where the materials are stiff (e.g., the high-density storage module is about three times higher than low density corresponding values at 50°C, respectively). This improvement in E' is attributed to the beginning of a thermal transition, which is associated with hard segments phase. The changes observed around 100°C are attributable to the presence of a high concentration of hydrogen-bonded aromatic urethane groups in the poly (ether-urethane) phase and hard-segment domains which act as macroscopic cross-links. The higher E' for more concentrated samples indicates more restricted mobility compared with the less-concentrated, thus, the lower concentration of isocyanate produces more flexible materials. Overall, the composites show a marked improvement in modulus with increasing isocyanate concentration. Among the used isocyanates, the best properties possess samples R-1-3, as a result of more pronounced rigidity of the polymer backbone, as compared with the samples I-1-3, and N-1-3.
The results presented in Fig. 19 and Table 6 , indicate that the structure of isocyanate and the concentration of monomers affect the value of the glass transition temperature (T g ), Fig. 19 Tanδ as a function of temperature plotted for PUR-PIR aerogels which corresponds to the maximum value of the curve loss tangent (tanδ) versus temperature. Compared with the PUR-PIR aerogels based on the aliphatic isocyanate, their aromatic isocyanate counterparts are characterized by higher T g . As expected, in all cases, more concentrated samples are characterized by a higher value of T g . Wu et al. [43] have shown that the T g of PUR-PIR reflects the rigidity of the polymer matrix which is a function of the isocyanate index, cross-link density and aromaticity level of the samples. Given that, the increase in the T g must be a reflection of the increased aromaticity and cross-link density due to a higher number of thermally stable urethane bonds as well as a more dense structure of the aerogels.
Thermogravimetric analysis
Due to their excellent thermal insulation properties, PUR-PIR aerogels and foams are often used in the construction industry. For building applications, thermal stability is important. Thermogravimetric analysis was therefore performed to investigate the effect of the isocyanate concentration and isocyanate structure on the thermal performance of the PUR-PIR aerogels (Fig. 20) . The decomposition of all PUR-PIR aerogels consists of three stages (Fig. 21 ). The first step of decomposition is connected with dissociation of urethane bond at a temperature between 150 and 330°C (corresponding to the temperature at 10% of total weight losses) [44, 45] . The second step of the degradation of PUR-PIR aerogels occurs at the temperature between 330 and 400°C and is ascribed to the decomposition of soft polyol segments (corresponding to the temperature at 50% of total weight losses) [46] . The third step of degradation corresponds to a weight loss of about 70%, occurs at a temperature of~500°C and it is ascribed to the degradation of the fragments generated during the second step [44, 47] .
The structure of the monomers affects only minimally the thermal stability of the PUR-PIR aerogels ( Table 6 ). The degradation stage of the aerogels N-1-3 starts at 239-255°C, while the aerogels I-1-3 and R-1-3 start to degrade at a slightly higher temperature, in the range of 240-265°C. In all cases, the influence of monomers concentration is observed. For the most concentrated samples, one observes increased thermal stability, which may be due to a higher number of thermally stable urethane bonds as well as a more dense structure of the aerogels. Remarkably, the aerogels are more thermally stable than their closed-cell foam counterparts. For example, for sample R-3, thermal degradation starts N-2  122  243  332  484  N-3  126  255  340  494   I-1  124  240  332  470  I-2  138  257  341  500   I-3  143  260  349  513  R-1  148  245  331  469   R-2  165  263  347 
Conclusion
The impact of monomer structure, monomer concentration and solvent type on thermal and mechanical properties of PUR-PIR aerogels was examined. It was found that rigid monomers and polyols yielded materials with lower thermal conductivity and higher modulus than their flexible counterparts. The gelation solvent also played a very important role. However, a relationship between solvent and aerogel properties could not be found. A predictive parameter for the optimum thermal conductivity appears to be the product of density and shrinkage. Low density minimizes conductivity through the solid phase. However, if shrinkage is large, it leads to coalescence of the skeletal nanoparticles into large, ribbon-like aggregates. Thermal bridging by these aggregates can overcome the advantages of low density. Therefore, optimal thermal conductivity requires a trade-off between density and shrinkage.
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